Abstract. Peroxiredoxin (Prx)-4, a secretable endoplasmic reticulum (ER)-resident isoform of the mammalian Prx family, functions as a thioredoxin-dependent peroxidase. It is acknowledged that Prx-4 plays a role in the detoxification of hydrogen peroxide, and potentially other peroxides, which may be generated during the oxidative folding of proteins and oxidative stress in the ER. The present study was undertaken in order to specifically quantify the tissue levels of Prx-4. To accomplish this, an enzyme-linked immunosorbent assay was developed using a specific polyclonal antibody produced by immunizing a rabbit with native recombinant rat Prx-4 protein. The assay was used to detect Prx-4 in the range of 0.1 and 10 ng/ml, and to investigate tissue distribution in rats. Using this immunoassay, we found that the serum levels of Prx-4 were substantially lower in asymptomatic Long-Evans Cinnamon rats, a rat model of Wilson's disease, compared to normal rats. In addition, the treatment of rat hepatoma cells with N-acetylcysteine led to a significant increase in the release of Prx-4 protein into the medium; thus, it appears likely that the secretion of Prx-4 is associated with the redox state within cells. These results suggest that serum Prx-4 has potential for use as a biomarker for hepatic oxidative stress.
Introduction
Since many organisms that live under aerobic conditions are exposed to reactive oxygen species (ROS), they have developed a protective or defensive system against oxidative stress, which includes the production of a variety of antioxidant enzymes, including superoxide dismutases, catalase and glutathione peroxidases (1) (2) (3) . These enzymes are important in detoxifying ROS, some of which are generated during cellular respiration. In addition to these enzymes, a distinct class of antioxidant proteins has been identified and is referred to as peroxiredoxins (Prxs) (4) (5) (6) .
Prx is a family of proteins that act on peroxides in a thioredoxin-dependent manner (4) . In mammals, this protein family consists of six members, Prx-1 to -6 (4,7). Their common feature is the presence of two redox-sensitive cysteine residues in the active site, thus referred to as a 2-Cys type, with the exception of Prx-6, which has a single catalytic cysteine and is thus referred to as a 1-Cys type. During the reduction of peroxides by the 2-Cys-type Prx, the sulfhydryl groups of these two cysteines are oxidized to a disulfide linkage, which are then reduced by thioredoxin (4) . Prxs-1-4 are highly homologous in terms of protein structure involving the two active site cysteine residues, while Prx-5 is classified as an atypical 2-Cys Prx due to its low homology (4, 7) . It is well-known that oxidative stress is closely associated with a number of pathological processes, and thus, the role of the Prx family has been investigated in numerous diseases (8) (9) (10) (11) (12) . The expression of certain members of the Prx family are altered in a number of human malignancies (13) (14) (15) (16) (17) (18) . In addition to their role in the detoxification of peroxides, it is also considered that this family is involved in intracellular signal transduction involving H 2 O 2 (4, 6, 19, 20) .
Among the Prx family members, Prx-4 uniquely contains an N-terminal signal peptide (21) . The expression of this protein is relatively high in the testis, pancreas and liver, as demonstrated by immunoblotting data. While the majority of the Prx family members are present within cells, for example, in the cytosol for Prx-1 and Prx-2 and in the mitochondria for Prx-3, Prx-4 appears to reside in the endoplasmic reticulum (ER) and is secretable due to the presence of a cleavable signal peptide (21, 22) . Therefore, Prx-4 has the potential to be present in extracellular fluids, such as serum. Thus, the quantification of Prx-4 may also be useful for the clinical examination of pathological conditions using serum samples. Although an attempt to examine the serum levels of Prx-4 has recently been reported for sepsis in humans, a complete quantification was not accomplished due to the unavailability of a standard sample and the use of an arbitrary unit which was unique to this and its use as a potential marker for hepatic disease   RITSU ITO  1 , MOTOKO TAKAHASHI  2 , HIDEYUKI IHARA  1 , HIROKI TSUKAMOTO  1 , earlier study (23) . In addition, it has not yet been fully clarified in which pathological conditions or in which types of disease this protein is implicated, although available evidence suggests that Prx-4 plays a role in ER stress and the oxidative folding of proteins in the ER (24, 25) . To extend the clinical usefulness of Prx-4, a more quantitative assay is required to determine and compare Prx-4 levels in various mammalian tissues. In this study, we report on the preparation of a specific polyclonal antibody by immunization of a rabbit with a purified recombinant Prx-4, which was previously described (26) . An enzyme-linked immunosorbent assay (ELISA) was then developed to quantitatively determine its levels in tissues and to investigate alterations of its levels in association with certain pathological conditions using animal models. The findings suggest that the serum level of Prx-4 is associated with the pathological state of the liver and may be of potential value for monitoring oxidative stress in the liver.
Measurement of peroxiredoxin-4 serum levels in rat tissue

Materials and methods
Cell culture. The rat cell lines used in this study were maintained at 37˚C in RPMI-1640 (AH66 cells), Eagle's MEM (WB-F344 and RLN-10 cells) and DMEM (RLC-16 cells), all of which were supplemented with 5 or 10% fetal bovine serum, streptomycin and penicillin, under an atmosphere of 5% CO 2 in humidified air.
Animals. Male Wistar rats were purchased from Japan SLC Inc. (Hamamatsu, Japan) at the age of 6 weeks, and Long-Evans Cinnamon (LEC) rats and Sprague-Dawley (SD) rats were obtained at the age of 18 weeks from Charles River Japan, Inc. (Yokohama, Japan). The rats were maintained under specific pathogen-free conditions at a constant temperature of 20-22˚C with a 12-h light/dark cycle. The Wister rats were injected with a single dose of 50 mg/kg streptozotocin (Sigma) to induce diabetes. In the LEC rats, serum alanine transaminase (ALT) and aspartate transaminase (AST) activities were determined using a transaminase assay kit (Wako Pure Chemicals) to verify the occurrence of hepatitis. Animal handling and care were conducted under the protocol approved by the Institutional Animal Research Committee of Saga University.
Expression and purification of recombinant rat Prx-4.
Preparation of the recombinant Prx-4 protein was conducted as previously described (26) . The recombinant protein was obtained from the extract of the Sf21 cells that had been infected with a recombinant baculovirus encoding a signal peptide-truncated form of rat Prx-4. The enzyme was purified by two successive cation exchanges and gel filtration column chromatographies, following polyethyleneimine precipitation. As previously described (26), the recombinant protein was enzymatically active and homogeneous.
Preparation and biotinylation of rabbit anti-Prx-4 IgG.
A total of 500 µg of the purified rat Prx-4 was emulsified in Freund's complete adjuvant and injected intracutaneously into the dorsal skin of a female rabbit. Another 500 µg of protein in incomplete adjuvant were subcutaneously injected dorsally at two-week intervals. Antiserum was obtained three weeks after the final booster injection. The IgG fraction was prepared from the antiserum by ammonium sulfate precipitation and subsequent column chromatography using Protein A Sepharose Fast Flow (GE Healthcare). Biotinylation of the antibody was conducted using N-hydroxysuccinimide-biotin (Pierce), according to the manufacturer's instructions.
Electrophoresis and immunoblot analysis. After the protein samples were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), they were electrophoretically transferred onto a polyvinylidene fluoride membrane (Millipore). The membrane was blocked by treatment with 1% skimmed milk in phosphate-buffered saline (PBS) and reacted with the polyclonal rabbit antibody. After washing, the membrane was incubated with a horseradish peroxidase-conjugated antibody against rabbit IgG. Following washing, the reactive protein bands were visualized using an ECL Advance Western Blotting Detection kit (Amersham).
ELISA. The 96-well microtiter plates (Maxisorp, Nunc) were pre-coated with rabbit polyclonal IgG against rat Prx-4. The IgG solution was diluted in 50 mM NaHCO 3 (pH 9.6) to 50 µg/ml and added to the wells. The plates were incubated overnight at 4˚C and were then blocked by 1% bovine serum albumin (BSA) after washing with PBS. A total of 50 µl of the appropriately diluted samples were added in duplicate to the wells of the plates, followed by incubation at room temperature for 2 h. Biotinylated anti-rat Prx-4 rabbit IgG was added to the plates, and the plates were then allowed to react at room temperature for 1 h. The plates were then incubated at room temperature for 30 min after adding horseradish peroxidase-conjugated streptavidin to the wells. The plates were washed five times with PBS-Tween-20 (PBS-T) after each step. Detection was performed using a solution of 1 mg/ml o-phenylenediamine as the substrate with 0.015% H 2 O 2 in 0.1 M citrate-phosphate buffer (pH 5.4). The absorbance at 490 nm was measured using a microtiter plate reader (Bio-Rad).
Tissue sample preparation for immunoblot analysis and ELISA. The rats were sacrificed after appropriate periods of time, and then the tissues were obtained and stored at -80˚C until use. The tissues were homogenized with a Dounce homogenizer in a lysis buffer of 20 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% (v/v) Nonidet P-40, 10% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 µg/ml aprotinin and 5 µg/ml leupeptin (pH 7.4) Protein determination. Protein contents were determined using a Bradford protein assay kit (Pierce). BSA was used as the standard.
Statistical analysis. Data were analyzed using the t-test and the results are expressed as the means ± standard deviation (SD). P<0.05 was considered to indicate a statistically significant difference, unless otherwise stated.
Results
Antibody raised against native Prx-4 protein.
In earlier studies, specific antibodies have been prepared using an inactive denatured polypeptide or a synthetic polypeptide as the antigen (21, 23, 27) . The use of the native form of a protein can occassionally prove more benificial for immunization. For example, when an antibody that effectively recognizes a native protein is desired, the latter is recommended. Thus, the enzymatically active recombinant Prx-4 was purified and used as the antigen to immunize rabbits in this study. The anti-Prx-4 IgG was purified from antiserum obtained from the immunized rabbits. The specificity of the antibody was verified using immunoblot analysis of several rat tissues (Fig. 1) . All samples examined displayed identical protein bands corresponding to a signal peptide-processed form, with the exception of the testis; consistent with a previous study using a different antibody which was raised against a bacterially produced antigen (21, 27) . No other bands that could correspond to other Prx isoforms with different molecular masses were detected, thus indicating that the specificity of this antibody was sufficient. The results were in accordance with data reported in a previous study, and demonstrated that the protein levels of Prx-4 were relatively higher in the testis, pancreas and liver.
ELISA for Prx-4 and examination of tissue distribution.
Although in a previous study, we examined tissue distribution of Prx-4 in rats, the protein levels were roughly estimated by immunoblot analysis (21) . In order to more quantitatively estimate the levels of Prx-4 in tissues, we developed an ELISA using the aforementioned antibody. This ELISA involved the immobilized antibody, the biotin-labeled antibody and HRP-conjugated streptavidin, as described in detail in the Materials and methods section. A typical calibration curve for the standard samples is shown in Fig. 2A . As indicated, this assay enabled us to optimally estimate the levels in the range between 0.1 and 10 ng/ml. The re-assessment of the tissue distribution using ELISA was essentially consistent with the results obtained by the immunoblot analyses, as described above, as well as in the previous study. As shown for normal control rats in Fig. 2B , the expression of Prx-4 was significantly higher in the pancreas, liver and testis. The higher expression of Prx-4 in the pancreas and liver may be associated with the possible role of this protein in the oxidative folding of secretory proteins in the ER.
Prx-4 levels in the tissues of streptozotocin-induced diabetic rats. The issue of whether or not Prx-4 is implicated in diseases of the pancreas and liver
has not yet been fully investigated; thus we examined the levels of Prx-4 in certain pathological states using animal models. Eight-week-old Wistar rats were treated with streptozotocin to induce severe diabetes. The occurrence of the disease was verified by high blood sugar levels and the production of urinary sugar. Measurements of blood sugar indicated levels of 130±35 and 440±67 mg/dl for the control rats and streptozotocin-treated rats, respectively (P<0.01, t-test; n=3 for each group). The protein levels of Prx-4 were determined by ELISA in various tissues of the control and diabetic rats. As shown in Fig. 2B , although a slight decrease in the Prx-4 level was observed in the liver and pancreas, there was no statistically significant difference in all tissues examined. The mean serum level values of the proteins were estimated to be 1.7 and 2.2 ng/ml in normal and diabetic rats, respectively. However, a statistical analysis indicated no significant difference despite a tendency toward an increase caused by the streptozotocin treatment.
Alteration of Prx-4 levels in hepatic disease model rats.
Another animal model, which has been used for liver disease, is the LEC rats (28) . LEC rats are frequently used as a Wilson's disease animal model for which a genetic defect was found in the copper transporter ATPase gene, Atp7b (29, 30) . The rats exhibit abnormal copper accumulation in the liver, and suffer from the development of hepatitis and hepatocarcinogenesis (31) . Prx-4 levels were determined in the livers and sera of 24-week-old LEC rats. SD rats of the same age were used as the healthy controls. The LEC rats appeared to be healthy in this study, and did not appear to suffer from hepatitis, as also indicated by ALT and AST assays (Fig. 3C and D) . When the serum levels of Prx-4 were determined, however, the data indicated that the levels in the LEC rats were significantly less than those in the normal rats (Fig. 3B) . On the other hand, in contrast to the serum levels, LEC rats demonstrated a trend toward a higher level in the liver, compared to the controls, although no statistically significant difference was observed for Prx-4 levels in the liver (Fig. 3A) .
Expression of Prx-4 in rat hepatic cell lines and effects of redox stress on secretion from cells.
As suggested by the lower levels of serum Prx-4 in LEC rats, it appeared likely that the redox state affects the release of Prx-4 from the cells since it is well-known that an abnormal accumulation of hepatic copper causes oxidative stress in LEC rats (32, 33) . Rat hepatic cell lines were used in order to assess whether oxidative stress alters the secretion of Prx-4. Four cell lines, AH66, WB-F344, RLN-10 and RLC-16, were cultured for three days, and the Prx-4 levels in the cells and medium were then separately determined by ELISA. The expression of Prx-4 was observed in all cell lines examined (Fig. 4A) . However, the levels of the Prx-4 protein varied in the medium, regardless of the contents associated with the cells, suggesting that the efficiency of secretion varies among the cell lines (Fig. 4B) . Only a single Figure 3 . Prx-4 levels and transaminase activities in LEC rats. Levels of Prx-4 in the (A) liver and (B) serum were assayed in LEC rats compared with the control SD rats. Serum transaminase activities of (C) AST and (D) ALT were also determined in the two rat strains. Serum Prx-4 levels are significantly different between LEC and SD rats (P<0.01, n=5 for each group), but no statistical significance was observed for the liver Prx-4 or for serum transaminases. Prx, peroxiredoxin; LEC, Long-Evans Cinammon; SD, Sprage-Dawley; AST, aspartate transaminase; ALT, alanine transaminase. protein band, in which the signal peptide was cleaved off, was observed for all cell lines in the immunoblot analyses (data not shown), suggesting that variations in the extent of secretion are not due to differences in the processing capability of the cells. The difference in secretion appeared to be due to the status or character of the cells rather than to a factor intrinsic to the protein. As observed in RLN-10 cells, treatment with 5 mM N-acetylcysteine for 24 h significantly increased the extent of secretion into the medium, accompanied by a corresponding decrease in the cells. However, the presence of 0.05 mM H 2 O 2 did not greatly suppress the secretion of Prx-4 24 h after addition. This discrepancy between the experiments using the reducing and the oxidizing agent may be explained by more intensive oxidative stress in the cells cultured under the condition of 20% O 2 than in the tissues where a partial pressure of O 2 is expected to be lower (34) (35) (36) . These results suggest that the release of Prx-4 from cells is, at least in part, affected by the redox state of the cells.
Discussion
In this study, we prepared a polyclonal antibody against rat Prx-4 using a purified recombinant protein as the antigen, and subsequently developed an immunoassay for quantitatively determining the levels of the Prx-4 protein. An enzymatic activity assay for thioredoxin-dependent peroxidase cannot be used to specifically evaluate the tissue levels of Prx-4 as the peroxidase activities of the mammalian Prx family are relatively weak; much less than other typical peroxidases, such as glutathione peroxidase. In addition, the enzymatic activity assay does not permit the measurement of each individual member of the Prx family. Therefore, an isoform-specific immunoassay would be useful and desirable for such a quantification in investigations of the role of Prx-4 in various diseases.
The development of the ELISA for Prx-4 confirmed high levels of expression in the pancreas, liver and testis of rats. Considering tissue mass, the total content of Prx-4 is highest in the liver, and thus it is more likely that the supply of the protein to the blood largely depends on the liver. As previously described, Prx-4 appears to be highly expressed in exocrine pancreas rather than islets (37) , and another study also reported that another Prx isoform is highly expressed in pancreatic islet cells (38) . Consistent with these findings, it would be reasonable that no significant alteration of Prx-4 levels in the serum would be observed in the experiments using streptozotocininduced diabetic rats.
LEC rats were initially identified as a mutant rat with spontaneous hepatitis and hepatoma, and thereafter were considered as a Wilson's disease model. In the liver, Prx-4 levels were slightly higher in the LEC rats compared with the control SD rats; however, no statistically significant difference was found, while this trend was inverse to the levels of serum Prx-4. Thus, it appears that the release of Prx-4 from the liver is suppressed in LEC rats. When the LEC rats were used in experiments, they did not display any symptoms of hepatitis, i.e., no apparent jaundice and no increase in serum transaminase activities ( Fig. 3C and D) , indicating that the lower levels of serum Prx-4 were not directly associated with inflammation. As suggested by in vitro studies using cultured cells, however, it appears more likely that the secretion of Prx-4 from the cells can be regulated or affected by the redox state. Therefore, even very mild oxidative stress, which is so weak that it does not cause hepatitis, might potentially affect the secretion of Prx-4 into the blood.
The findings from this study suggest that the serum levels of Prx-4 are associated with the redox state of the liver, and therefore it is possible that this protein may be utilized as a biomarker for oxidative stress in the liver. The application of the anti-rat Prx-4 polyclonal antibody to human cell lines demonstrated no apparent reactivity (data not shown). The clinical utility of diagnosing human liver diseases will await optimizing the ELISA procedures for use in conjunction with human samples.
